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Abstract

Lewy bodies are pathological protein inclusions present in the brain of patients with Parkinson’s
disease (PD). These inclusions consist mainly of a-synuclein with associated proteins, such as
parkin and its substrate aminoacyl tRNA synthetase complex-interacting multifunctional protein-2
(AIMP2). Although AIMP2 has been suggested to be toxic to dopamine neurons, its roles in a-
synuclein aggregation and PD pathogenesis are largely unknown. Here, we found that AIMP2
exhibits a self-aggregating property. The AIMP2 aggregate serves as a seed to increase a-
synuclein aggregation via specific and direct binding to the a.-synuclein monomer. The co-
expression of AIMP2 and a-synuclein in cell cultures and in vivo resulted in the rapid formation
of a-synuclein aggregates with a corresponding increase in toxicity. Moreover, accumulated
AIMP2 in mouse brain was largely redistributed to insoluble fractions, correlating with the a-
synuclein pathology. Finally, we found that a-synuclein preformed fibril (PFF) seeding, adult
Parkin deletion or oxidative stress triggered a redistribution of both AIMP2 and a-synuclein into
insoluble fraction in cells and in vivo. Supporting the pathogenic role of AIMP2, AIMP2
knockdown ameliorated the a-synuclein aggregation and dopaminergic cell death in response to
PFF or 6-hydroxydopamine treatment. Taken together, our results suggest that AIMP2 play a
pathological role in the aggregation of a-synuclein in mice. Since AIMP2 insolubility and
coaggregation with a-synuclein have been seen in the PD Lewy body, targeting pathologic AIMP2
aggregation might be useful as a therapeutic strategy for neurodegenerative a-synucleinopathies.

INTRODUCTION

Lewy bodies (LBs) are a-synuclein intracellular inclusions that pathologically define several
neurodegenerative diseases including PD, diffuse LB disease, and multiple system atrophy
(1). In particular, point mutations and multiplication of a-synucleinare linked to PD, and the
presence of a-synuclein and ubiquitin positive Lewy inclusion has been used as a diagnostic
hall mark for PD (2, 3). a-synuclein is an intrinsically unstructured protein with a
physiological function in vesicle trafficking at synaptic membranes (4). Several alterations
on this gene can enhance its tendency to be transformed into beta sheet structured
aggregates. These modifications include an accumulation of a-synuclein, point mutations
(A30P, A53T, and E46K), post-translational modifications (nitrosylation, S129 or Y39
phosphorylation, dopamine conjugation, and C-terminal truncation), and association with
other proteins (5-9). Despite extensive studies on direct modifications and the central role of
a-synuclein in LB-like pathology in cells and animal models, the pathological roles of other
proteins in association with a-synuclein are largely unknown.

AIMP?2 is a pathogenic substrate for parkin because AIMP2 is accumulated in brains of
parkin knockout mice and postmortem brains from juvenile patients with PD harboring
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parkin deletion or sporadic patients with PD (10-13). Under physiological conditions,
AIMP2 is assembled into a protein complex called aminoacyl-tRNA synthetase (ARS)
complex, which is composed of eight different ARS and three auxiliary noncatalytic proteins
(AIMP1, AIMP2, and AIMP3) (14). Under pathological PD conditions with parkin or
VPS35 dysfunction, proteasomal or lysosomal targeting and degradation of AIMP2 are
compromised, resulting in upregulation and nuclear translocation of AIMP2 and interaction
with nuclear enzyme poly (ADP-ribose) polymerase-1 (PARP1) (12, 15). AIMP2 interaction
with PARP1 can cause the over-activation of PARP1 and production of poly (ADP-ribose),
which mediates energy depletion and distinct cell death pathway called parthanatos (16). In
addition to the cell death execution, AIMP2 accumulation is associated with its co-
localization with a-synuclein in LB of postmortem brains from patients with PD (11, 13).
Moreover, AIMP2 overexpression in cell culture has a tendency to form aggresome-like
puncta (17). The amyloid beta precursor protein was found to interact with AIMP2 in a
separate unbiased screening (18). Together, these reports suggest that AIMP2 has a potential
role in aggregate formation associated with PD and other proteinopathies. Since AIMP2
accumulation has been identified in many cases of PD and its accumulation is rather specific
to the ventral midbrain (VM) among other brain regions, understanding AIMP2 in a-
synuclein aggregation might provide critical insights into pathways to PD-specific LB
pathogenesis.

AIMP2 self aggregation and toxicity

AIMP2 has been found in the Lewy body (LB) inclusion of patients with PD, and its
aggregate-like puncta formation has been shown in cell culture experiments (17). Based on
the correlative presence of AIMP2 and a-synuclein in insoluble aggregates, we
hypothesized that AIMP2 might play a role in the active formation of LB pathology. To
determine the potential pathologic role of AIMP2, we sought to determine whether AIMP2
itself might possess an amyloidogenic property to self aggregate. In vitro incubation of
purified recombinant GST-AIMP2-FLAG (fig. S1A) resulted in an increase in the high
molecular weight oligomeric species of AIMP2 as determined by a Western blot analysis
using anti-AIMP2 antibody or Coomassie staining (Fig. 1A). To further evaluate the
amyloidogenic tendency of AIMP2 in vitro, recombinant GST-AIMP2-FLAG or AIMP2-
FLAG (fig. S1B) was incubated in sodium acetate buffer and subjected to fluorescence
reading afforded by amyloid-sensitive thioflavin T (ThT). The incubation of GST-AIMP2-
FLAG or AIMP2-FLAG alone resulted in a robust increase in ThT fluorescence with a
maximum intensity at 5-7 days (120-168 Hrs) (Fig. 1B).

We next examined the ultrastructure of AIMP2 aggregate using a transmission electron
microscope (TEM). The TEM analysis revealed the formation of a heterogeneous string- or
globular-shaped aggregate by GST-AIMP2-FLAG in vitro (Fig. 1C). We assessed alteration
of the secondary structure of AIMP2-FLAG during aggregation using a circular dichroism
(CD) analysis. The CD analysis revealed alterations of CD signal curves at 3 and 4 days of
AIMP2 incubation, indicating an increase in B-strand content during the AIMP2 aggregation
(Fig. 1D). The motif necessary for AIMP2 aggregation was monitored by AIMP2 deletion
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mutants (fig. S1C). Equal expression of MY C-tagged AIMP2 (AIMP2 WT) and deletion
mutants (F1, and F2) in SH-SY5Y cells resulted in an aggregate puncta formation with a
similar extent (fig. S1C and Fig. 1E). The C-terminus GST-like domain of AIMP2 (F3
mutant) failed to form an aggregate (Fig. 1E). Consistent with aggregate formation by
AIMP2 and its deletion mutants, the expression of full length AIMP2 and deletion mutants
F1, and F2 led to comparable cell death in SH-SY5Y cells whereas the F3 fragment failed to
induce cellular toxicity (Fig. 1F).

Specific interaction of AIMP2 accelerates a-synuclein aggregation

Next we sought to determine the potential role of the AIMP2 aggregate in a-synuclein
interaction and aggregation. The transfection of MYC-AIMP2 in SH-SYS5Y cells led to the
formation of an aggregate, and this aggregation tendency was enhanced by HA-a-synuclein
(Fig. 2A,B). Similarly, F1, and F2 AIMP2 fragment expression with HA-a.-synuclein also
led to aggregate formation which was positive for both AIMP2 and a-synuclein (Fig. 2A,B).
The a-synuclein aggregates mainly colocalized with AIMP2-positive aggregates. Consistent
with an enhancement of the aggregate formation, the cell viability was further reduced
through a coexpression of AIMP2 full length or F1, F2 deletion mutants with HA-a.-
synuclein as compared to AIMP2 alone (Fig. S2A). However, HA-a.-synuclein only or its
expression with the F3 AIMP2 fragment failed to form any aggregates with no cellular
toxicity (Fig. 2A, B, and fig. S2A).

AIMP2 itself has been shown to induce PARP1-dependent cytotoxicity (parthanatos) via
nuclear translocation. Pharmacological inhibition of PARP1 activation with its inhibitor 3AB
treatment largely prevented cellular toxicity induced by AIMP2 alone or AIMP2/a.-
synuclein coexpression (fig. S2B). However, there are still 20%, or 40% cell toxicity
induced by AIMP2 alone or AIMP2/a-synuclein coexpression, respectively, which are not
reversed with PARP1 inhibition (fig. S2B). AIMP2 nuclear translocation was mitigated with
a-synuclein coexpression, whereas a-synuclein itself failed to show nuclear translocation
(fig. S2C,D). Since AIMP2 expression alone resulted in a substantial cellular toxicity, the
dosages of AIMP2 transfection were titrated to understand synergistic interaction of AIMP2
and a-synuclein. With 50 ng of AIMP?2 transfection, there was no cellular toxicity, but a-
synuclein coexpression led to about 40% cell death (fig. S2E). In this condition of AIMP2/
a-synuclein interaction, there was a formation of the aggregate positive for both proteins.
Both cytotoxicity and aggregate formation increased with an increasing dose of AIMP2
transfection (fig. S2E,F). We also evaluated the functional status of the proteasome and
autophagy degradation pathways influencing aggregate formation and degradation. SH-
SY5Y cells were transfected with MY C-AIMP2 with or without HA-a-synuclein, and
proteasomal and autophagic flux were examined by Western blots of polyubiquitinated
proteins and LC3-1I conversion, respectively. AIMP2 expression alone increased the
polyubiquitnated proteins which were further increased by a-synuclein coexpression (fig.
S2G,H). On the other hand, LC3-11 conversion increased with AIMP2 and/or a.-synuclein
expression, indicating either enhanced autophagosome formation or inhibition of
downstream autophagic degradation pathway (fig. S2G,H).
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To validate physical interaction between AIMP2 and a-synuclein, PFF was incubated either
with GST-AIMP2-FLAG monomer or with GST-AIMP2-FLAG aggregate that was dot
blotted on the membrane. This dot blot analysis revealed AIMP2 aggregate, but not AIMP2
monomer, has the ability to bind an a-synuclein monomer (Fig. 2C). Conversely, PFF can
bind both the AIMP2 monomer and aggregate (Fig. 2C). This specific interaction between
PFF and AIMP2 was confirmed by a GST pull-down experiment (Fig. 2D).

The intrinsic tryptophan fluorescence intensity of proteins with more than five tryptophan
residues can be influenced by its local environments, reflecting the extent of the interaction
with other binding partners (19, 20). Therefore, the intrinsic tryptophan fluorescence of a
protein is used to obtain specific binding parameters of protein to ligands or to other proteins
(19). A tryptophan fluorescence of AIMP2 with five tryptophans might be useful to
understand its binding to a-synuclein without tryptophan. GST with the addition of a-
synuclein failed to produce any demonstrable tryptophan fluorescence (fig. S2I). The
addition of increasing amounts of a-synuclein or GST to monomeric GST-AIMP2-FLAG
resulted in a linear graph of normalized tryptophan fluorescence (fig. S2J,K), suggesting a
nonspecific interaction between AIMP2 and a-synuclein. However, aggregated GST-
AIMP2-FLAG showed a hyperbolic and saturable tryptophan fluorescence graph upon
increasing amounts of monomeric a-synuclein addition (Fig. 2E). The reaction between
monomeric GST-AIMP2-FLAG and PFF also exhibited similar specific binding patterns
(Fig. 2F). This interaction between AIMP2 and a.-synuclein seems specific because both
amyloid beta (Ap) monomer and oligomer failed to bind both the AIMP2 monomer and
aggregate (fig. S2L,M).

AIMP2 accelerates a-synuclein aggregation

To obtain a mechanistic insight into the AIMP2 potentiation of a-synuclein pathologies, we
performed a ThT-aided in vitro aggregation assay by incubating purified recombinant a-
synuclein with or without GST-AIMP2-FLAG. As previously reported in many studies (21,
22), recombinant a-synuclein alone can self-aggregate into a ThT-reactive amyloid B sheet
structure, reaching maximum ThT signal at around longer than 4 days of incubation (Fig.
3A). The addition of GST-AIMP2-FLAG into a-synuclein substantially accelerated the
formation of amyloid aggregates based on the ThT fluorescence, reaching saturation as early
as 2 days after incubation (Fig. 3A). Supporting the formation of fibril aggregates by
AIMP2/a-synuclein co-incubation, there were silver stained protein species that were hard
to be resolved in SDS-PAGE after 3 days of in vitro incubation (Fig. 3B). The immunoblot
analysis confirmed the formation of SDS-resistant a-synuclein oligomer formation by co-
incubating with AIMP2 (Fig. 3C). The immunoblot analysis also revealed concomitant
aggregate formation of GST-AIMP2-FLAG (Fig. 3C). The ultrastructure of the co-
aggregates formed by AIMP2 and a-synuclein is distinct from those formed by a-synuclein
alone. Co-incubation of AIMP2 with a-synuclein resulted in a highly dense sheet-like
conformation with few detectable amorphous oligomers (Fig. 3D) that is similar to EM
structures of human LB (23). This aggregate structure is composed of both AIMP2 and a.-
synuclein since immunoGold electron microscopy (EM) revealed the localization of both
proteins in this ultrastructure (Fig. 3E). Consistent with previous reports, aggregates by a-
synuclein only are shapes with needle-like structure with many amorphous oligomer species
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(Fig. 3D). Next we sought to determine whether AIMP2 aggregation can serve as a template
for a-synuclein aggregation. As previously reported (24), a small amount of PFF seeds
accelerated a-synuclein aggregation as determined through ThT fluorescence (Fig. 3F).
Similarly, the addition of preformed AIMP2 aggregates facilitated a-synuclein aggregation
(Fig. 3F), indicating that the seed-template mechanism of AIMP2 aided a-synuclein
aggregation.

AIMP2 accelerates Lewy-like inclusion formation and dopaminergic toxicity in vivo

We investigated a pathological interaction of AIMP2 and a-synuclein in mouse brains with
recombinant adeno-associated virus (rAAV) injection (Fig. 4A). Intranigral rAAV injection
transduced dopamine neurons with corresponding expression of GFP, a.-synuclein, and
AIMP2 by each rAAV virus (fig. S3A,B). The neuropathological assessment revealed nigral
injection of rAAV-AIMP?2 led to the formation of serine 129 phosphorylated (pS129) a-
synuclein-positive aggregates in both the striatum and substantia nigra (SN) (Fig. 4B). These
pS129 a-synuclein aggregates were increased by a-synuclein and AIMP2 coexpression
(Fig. 4B). pS129 a-synuclein aggregates were colocalized in the TH-positive dopamine
neurons (Fig. 4C). Moreover, the immunofluorescence and confocal double staining
demonstrated an approximate 80% of the aggregates were double positive for AIMP2 and
pS129-a-synuclein (Fig. 4D,E and fig. S3C). Small portions of the puncta were single
positive for either pS129-a-synuclein or AIMP2 (Fig. 4D, E). An ultrastructure analysis by
immunoGold EM demonstrated protein inclusions that were positive for both AIMP2 and
pS129-a-synuclein in the SN of the mouse nigrally injected with FAAV-AIMPZ and rAAV-
a-synuclein (Fig. 4F).

The dopamine neuron viability was evaluated in these virally-induced mouse groups.
AIMP2 expression alone resulted in an approximate 30% degeneration of TH positive
dopamine neurons in the SN pars compacta (Fig. 4G,H). This degeneration was further
increased by the coexpression of a-synuclein (Fig. 4G,H). The expression of either GFP or
a-synuclein alone had no effect on the dopamine neuron viability (Fig. 4G,H). There are
correlating alterations of dopaminergic nerve terminal densities in the striatum from each of
the virally-induced mouse groups (Fig. 41,J). Each virally induced mouse group was
characterized with several behavior tests. An open field test showed a similar extent of
reduction in exploratory distance for both rAAV-AIMP2 and rAAV-AIMP2/a-synuclein
groups as compared to rAAV-GFP and rAAV-a-synuclein groups (fig. S3D,E). Both rAAV-
AIMP2 and rAAV-AIMP2/a-synuclein injection groups exhibited anxiety-related behavior
determined through a delayed first entrance to the center zone and a tendency to explore less
in the center zone (fig. S3F,G). The latency to first enter the center zone was delayed in mice
coexpressing both AIMP2 and a-synuclein (fig. S3F). Virally induced ipsilateral AIMP2
expression in mouse brain produced dopamine specific behavior deficits in pole test (Fig.
4K). The coexpression of AIMP2 and a-synuclein further enhanced this motor deficit (Fig.
4K). Moreover, motor coordination and hindlimb extension reflex were impaired for mice
coexpressing both AIMP2 and a-synuclein in the SN (fig. S3H-J). AIMP2 expression alone
was sufficient to produce lesser extents of motor coordination deficits in mice (fig. S3H).

Sci Transl Med. Author manuscript; available in PMC 2021 May 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ham et al.

Page 7

Previously, we developed tetracycline-regulatable AIMP2 transgenic (Tg) mice expressing
AIMP2 in pan-neuronal population by CamKIla-tTA driver (12). In this PD mouse model,
there is an age-dependent and progressive dopaminergic loss and behavioral deficits (12).
Whole brains from young and adult transgenic mice and littermate controls were
fractionated into Triton X-soluble and insoluble fractionations to examine the distribution of
AIMP2 and a-synuclein. At a young age, there was no detectable expression of AIMP2, a-
synuclein, and filament a-synuclein in the insoluble fractions (fig. S4A). The accumulated
AIMP2 was mostly found in the insoluble fraction from old AIMP2 transgenic brains.
However, soluble AIMP2 was present at almost equal amounts in both Tg and littermate
control (fig. S4B). There was a concomitant increase of a-synuclein in the insoluble fraction
with filament conformation a-synuclein in both insoluble and soluble fractions of Tg mouse
brains (fig. S4B). The high molecular-weight filament a-synuclein was exclusively present
in the insoluble fractions of old AIMP2 Tg brains (fig. S4B). The formation of age-
dependent Lewy-like inclusion stimulated by AIMP2 could be mediated by endogenous a.-
synuclein since virally induced AIMP2 expression in the VM of a-synuclein knockout
background failed to generate any Lewy-like inclusion (fig. S4C,D).

We also examined conditional parkin knockout mouse brains in which progressive
dopaminergic neurodegeneration has been reported (25). The conditional adult deletion of
parkinwas induced by nigral injection of FAAV-CRE to homozygous parkin floxed mice
(parkin ™ With successful ablation of parkinin the VM, there was an increase and
redistribution of AIMP2 into the insoluble fraction at 2-month post parkin deletion (fig.
S5A,B). The high-molecular-weight a-synuclein with filament conformation markedly
increased in the insoluble fraction of adult parkin knockout brains, correlating with AIMP2
accumulation (fig. S5A,B,C).

AIMP2 is required for PFF- induced a-synuclein pathology

AIMP2 regulation and its role in a-synuclein aggregation was investigated in the recently
introduced PFF model of PD (26, 27). In vitro differentiated dopaminergic neurons from
mouse neural precursor cell were treated with PFF. PFF treatment induced not only marked
production of pS129-a-synuclein aggregates, but also the accumulation of endogenous
AIMP2 and its aggregation (fig. S6A,B). To determine the pathological role of AIMP2,
cultured dopamine neurons were transduced with rAAV-shAIMPZ2 (coexpressing reporter
RFP) or rAAV-shControl (scrambled shRNA coexpressing reporter GFP). TH-positive
dopamine neurons were transduced with these rAAV virus as monitored by reporter
fluorescence expression (fig. S6C). rAAV-AIMP2 infection of dopamine neurons led to a
50% reduction of endogenous AIMP2 without cellular toxicity (fig. S6D,E). The
resupplementation of AIMP2 by rAAV-AIMPZ coinfection was confirmed to be used to
address the potential off-target effect of rAAV-shAIMP2 (fig. S6D,E). AIMP2 knockdown
by rAAV-shAIMPZ infection reduced the formation of pS129-a-synuclein aggregates by
PFF treatment (fig. S6F,G). The recovery of a-synuclein aggregation by rAAV-AIMP2
together with rAAV-shAIMPZ2 indicated AIMP2 reduction by shRNA is responsible for
rAAV-shAIMPZ-mediated suppression of PFF-induced a-synuclein aggregation.

Sci Transl Med. Author manuscript; available in PMC 2021 May 11.
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Next we sought to investigate AIMP2 function in an in vivo a-synucleinopathy mouse
model. We employed the combinatorial model of PFF and rAAV-a-synuclein injection that
develops a-synuclein pathology and dopamine neurodegeneration at around 3 weeks of
incubation (28). Following the reported protocol (28) with some modifications, 2 month old
C57/BL6 mice were co-injected with rAAV virus and PFF as follows: rAAV-a-synuclein
only; PFF only; rAAV-a-synuclein/shControiPFF; rAAV-a-synuclein/shAIMP2+PFF (Fig.
5). The rAAV-shAIMP2titer that resulted in about 50% reduction of endogenous AIMP2
was used to prevent unwanted toxicity (fig. S6H,1). Consistent with the previous report (28),
the combination of rAAV-a-synuclein injection followed by PFF led to more than 70% loss
of dopamine neurons in SN pars compacta (Fig. 5B,C). This dopaminergic neuron loss was
partially inhibited by AIMP2 knockdown via rAAV-shAIMPZ2 (Fig. 5B,C). Moreover,
formation of pS129-a.-synuclein aggregates in the combinatorial model was markedly
diminished by the shRNA-mediated knockdown of AIMP2 (Fig. 5D-F). The anxiety
phenotype induced in the combinatorial a-synucleinopathy model was also reduced in the
knockdown background of AIMP2 by rAAV-shAIMP2.The bradykinesia induced by
combinatorial expression of a-synuclein and PFF was partially restored by AIMP2
knockdown (Fig. 5J).

AIMP2 is required for a-synuclein aggregation under pathological condition

In PD, AIMP2 might be accumulated due to dysfunction of parkin or VPS35 or still
unknown mechanisms. Such accumulation of AIMP2 can induce PD-related pathological
changes, especially dopaminergic neuron loss (11, 12). Besides, AIMP2 interaction profile is
affected by ionizing or oxidative stresses through dissociation of AIMP2 from the ARS
complex (12, 14). In this context, cellular stresses leading to a-synuclein aggregation could
affect endogenous AIMP2 solubility. As such a-synuclein-expressing SH-SY5Y cells were
challenged with 6-hydroxy dopamine (6-OHDA), which is known to precipitate a-synuclein
aggregation (29, 30). These cells were divided into Triton X-soluble and insoluble fractions
to show redistribution of both AIMP2 and a-synuclein to insoluble fraction (fig. S7A). a-
synuclein filament alteration was observed in the insoluble fraction upon 6-OHDA treatment
(fig. S7A,B). Endogenous AIMP2 was knocked down by transfecting a-synuclein-
expressing SH-SY5Y cells with shRNA (fig. S7C) followed by 6-OHDA treatment. The 6-
OHDA treatment increased thioflavin S-positive aggregates whereas AIMP2 shRNA
transfection prevented the aggregates (fig. S7D).

6-OHDA striatal injection model (Fig. 6A) was employed to model PD-related pathology in
mice (31-33). Homozygous AimpZ2 knockout (KO) mice are nonviable due to defective lung
development (34). Therefore, heterozygous Aimp2 KO (Hef) mice (fig. S8A) were used.
This heterozygous KO mouse demonstrated more than 50% reduction of AIMP2 (fig. S8B).
These mice are viable without obvious behavioral or morphological defects. AIMP2 ablation
blocked redistribution of a-synuclein/AIMP2 and a-synuclein filament aggregation due to
6-OHDA (Fig. 6B,C). Immunohistochemical and immunofluorescence images of SN
sections revealed pS129-a-synuclein immunoreactivity in the tyrosine hydroxylase (TH)
positive dopaminergic neurons of wild type (WT) mice under 6-OHDA intoxication (Fig.
6D,E). On the other hand, AimpZ2 heterozygous KO background reduced the pS129-a-
synuclein immunoreactivity (Fig. 6D,E). The alterations of a-synuclein pathologies
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correlated well with dopaminergic neuronal viability. In a 6-OHDA PD mouse model, an
approximate 50% degeneration of dopaminergic neurons was induced in the SN compared to
those in PBS-injected WT mice. Such degeneration was mostly prevented in aimp2
heterozygous KO mice (Fig. 6F,G).

AIMP2 in LB inclusion in brains from patients with PD

Postmortem SN brains from patients with PD and age-matched controls (table S1) were
subjected to fractionation into NP-40 soluble and insoluble compartments. Both AIMP2 and
phosphorylated a-synuclein were redistributed into the insoluble fraction in SN brains of
patients with PD, but not in control brains (Fig. 7A,B). The cellular distribution of AIMP2
and phosphorylated a-synuclein in the postmortem temporal lobe of patients with PD with
confirmed Lewy pathologies (table S2) was further evaluated. Postmortem PD brains
concomitantly expressed elevated expression of AIMP2 aggregates (Fig. 7C). The AIMP2
signal overlapped with pS129 a-synuclein immunoreactivity (Fig. 7C), and their
colocalization was further confirmed by confocal z-stack imaging (Fig. 7D). Ultrastructure
analysis by immunoGold EM revealed co-presence of both AIMP2 and pS129 a-synuclein
signals in electron-dense inclusion structures from postmortem brains from patients with PD
(Fig. 7E).

DISCUSSION

The pathological link of AIMP2 to PD was initially identified as a toxic substrate of PD-
linked E3 ubiquitin ligase parkin (11, 13). In addition, a recent report indicated that the
lysosomal clearance of AIMP2 can be regulated by another PD linked gene, VPS35 (15).
Although AIMP2 has been shown to be present in the Lewy bodies of postmortem brains
from patients with PD (11, 13), the role of AIMP2 in the formation of LB inclusions or a-
synuclein pathology has not been investigated. An in vitro aggregation assay revealed a
strong potentiation of a-synuclein aggregation by co-incubating with AIMP2. This result
suggests that defective parkin/VPS35 and AIMP2 accumulation in PD might play a
causative role in a-synuclein aggregation. Moreover, since both AIMP2 and a-synuclein are
present in whole brain regions (12) and we have shown the copresence of AIMP2 and a-
synuclein aggregates in the temporal lobe of LB dementia patients brains, its role in a-
synuclein pathologies could be extended to other a-synucleinopathies in addition to PD.

Since a-synuclein aggregation and protein aggregation-related neurodegenerative diseases
can cause cellular dysfunction mainly due to the sequestration of metastable and
functionally important proteins (35), targeting the AIMP2-a.-synuclein cycles in aggregate
formation might present a robust tool to screen chemical compounds with therapeutic
potential for proteinopathies. For instance, the co-incubation strategy of AIMP2 and a-
synuclein can shorten the incubation time for the ThT-aided high-throughput screening
compared to relatively long incubation time required for amyloid aggregation by a-
synuclein alone (26, 36). In addition, the intrinsic tryptophan fluorescence of AIMP2 could
be used to study its specific interaction with other proteins with no tryptophan residues. This
type of fluorescence assay does not require an incubation time as in the case for the ThT
assay. As such, it is more appropriate for large-scale compound screening to identify the

Sci Transl Med. Author manuscript; available in PMC 2021 May 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ham et al.

Page 10

compound that can specifically interfere with the AIMP2 aggregate interaction with a-
synuclein or AIMP2 interaction with PFF a-synuclein. However, this assay has some
limitations since AIMP2 tryptophan fluorescence could be influenced by diverse indirect
mechanisms rather than affecting AIMP2-a-synuclein interaction.

In this study, we found that 6-OHDA oxidative stress induced AIMP2 amyloid
oligomerization, correlating with a-synuclein aggregation. It is currently unclear how
AIMP2 dissociation from the ARS complex is initiated upon 6-OHDA stress and what
modification might have altered the AIMP2 solubility in the cytoplasm or nucleus. It is
interesting to note that there was a marked enhancement of PARP1-independent cytotoxicity
when AIMP2 and a-synuclein were coexpressed with more protein aggregate formation.
The identification of signaling pathways responsible for AIMP2 aggregation and interaction
with a-synuclein during oxidative stress, and PD related pathologies might provide potential
therapeutic targets to ameliorate the progression of a-synuclein pathology as well as
cytotoxicity. Moreover, although there have been no reports regarding the clinical relevance
of other noncatalytic elements of ARS complex such as AIMP1 and 3, it would be
interesting to evaluate AIMP1 or AIMP3 dysregulation in PD pathologies since their
noncanonical functions involve regulation of immune or aging pathways that also play roles
in PD pathogenesis (37, 38).

It has long been thought that parkin and a.-synuclein signaling pathways are independent of
each other (39). Several studies using parkin knockout mice have failed to observe LB
pathologies as well as dopaminergic neuronal death (40-42). Moreover, a few available
autopsy studies in juvenile or early onset PD cases with homozygous parkin loss reported no
LB pathologies, even with a quite robust loss of pigmented dopamine neurons in the
midbrain (43-45). In this context, it can appear that the role of parkin substrate AIMP2 in a-
synuclein aggregation might be inconsistent with those aforementioned clinical and in vivo
mouse model studies. However, it should be noted that several studies have indeed reported
LB pathologies in early-onset PD cases with parkin mutations (46-51). There are also
reports suggesting the involvement of parkin inactivation in common sporadic PD with LB
(10, 52, 53). Consistent with this notion, AIMP2 aggregates and insoluble redistribution
correlated well with LB pathologies in brains from sporadic patients with PD in which
parkin is presumably inactivated. Moreover, the role of parkin substrate ZNF746 has been
noted in PFF-induced parkin inactivation and a-synuclein pathology (54), suggesting a
pathological link between a-synuclein and parkin which was previously thought to be
independent. As mentioned above, several conventional parkin null mice failed to produce
meaningful PD-related pathologies including a-synuclein aggregation. A compensatory
mechanism during development could have masked the manifestation of PD pathologies
because adult parkin ablation in mice resulted in progressive dopaminergic neuron loss (25).
Similarly, we demonstrated adult parkin deletion in mice could trigger a-synuclein
aggregation with concomitant AIMP2 accumulation and redistribution to the insoluble
compartment.

In clinical cases, it is still unclear how AIMP2 accumulation downstream of inactive parkin
leads to various outcomes in terms of LB formation; we speculate that additional
pathological molecular changes might to ultimately set in motion a-synuclein abnormal
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aggregation. Supporting this notion, transgenic mice expressing robust amounts of a.-
synuclein in brains take about 10 months to exhibit Lewy like inclusion (55). Even with
AIMP2 expression in mouse brains, we only observed filament conformation of a-synuclein
at 8 months of age. These in vivo studies indicate that aging or other disease processes might
contribute together to a-synuclein aggregation probably by affecting protein quality control
or additional signaling pathways regulating a-synuclein stability.

Despite pathological interaction between AIMP2 and a.-synuclein, there are limitations in
our study especially when practical translational application is considered. First, previous
studies and ours showed varying accumulation of AIMP2 in postmortem PD brain samples
(10-12, 52). Extensive analysis of the AIMP2 accumulation in a larger cohort of patients
with PD would be necessary to ascertain pathological correlation between AIMP2
upregulation and a-synucleinopathy in PD. Second, our study lacks safety profiling of
AIMP2 knockdown in vivo. Therapeutic approaches to reduce the AIMP2 expression could
have a low therapeutic index given that each PD case has variable extent of AIMP2
accumulation and a too large reduction of endogenous AIMP2 can impair other biological
processes. In this regard, compounds inhibiting AIMP2 aggregation could be more safe and
effective in regulating AIMP2-a-synuclein coaggregation in PD. Last, pathological AIMP2
aggregation in mouse and human brains was mainly monitored by morphologies and signal
intensities using conventional anti-AlIMP2 antibody. More sensitive detection and estimation
of AIMP2 aggregate prevalence in PD requires development of AIMP?2 fibril conformation
specific antibodies.

MATERIALS AND METHODS

Study design

The study aimed to determine potential roles of AIMP2 aggregation in a-synuclein-related
pathologies. Aggregation and interaction between recombinant AIMP2 and a-synuclein was
explored by ThT fluorescence assay, CD analysis, GST pull-down, dot blot, tryptophan
fluorescence assay, and EM imaging. Most experiments were performed in at least triplicate
for statistical analysis. AIMP2-a.-synuclein interaction was further examined in both SH-
SY5Y cells and dopamine neurons with treatment of PD stresses including 6-OHDA and
PFF, respectively. Immunofluorescence, Western blots, trypan blue exclusion assay were
performed in at least triplicate for statistical analysis of a-synucleinopathy-related
phenotypes. For the animal studies, we used two PD animal models of 6-OHDA injection or
PFF/rAAV-a-synuclein coinjection. To determine the role of AIMP2 in vivo, aimp2 ablation
by genetic heterozygous KO or virally induced knockdown model was applied in these PD
mouse models. Power analysis was performed by using G*Power 3.1 software (56) to
determine approximate sample sizes for TH stereological analysis. On the basis of mean
difference from our preliminary experiments (30-50% mean difference) a total sample size
of 20 mice (5 mice per group) was calculated to obtain statistical significance (effect size f =
1.06, a error probability = 0.05, number of groups = 4). For all animal experiments, mice
groups were randomized, and the experimenters were blinded to the genotypes and treatment
of mice. No animals were excluded from analysis.
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Acquisition and handling of human postmortem brains

Postmortem SN brain from patients with PD and age-matched controls were powdered and
fractionated into soluble and insoluble fraction by using lysis buffer (10 mM Tris-HCI, pH
7.4, 150 mM NaCl, 5 mM EDTA, 0.5% Nonidet P-40, phosphatase inhibitor cocktail Il and
I11 (Sigma-Aldrich) and complete protease inhibitor mixture (Cell Signaling Technology)
and ultracentrifugation (22,000g, 20 min). Protein lysates from each fraction were subjected
to Western blot using the corresponding antibodies. Fixed postmortem human brain sections
(temporal lobe) were kindly provided by the Brain and Body Donation Program (BBDP).
Fixed brain sections were subjected to immunofluorescence experiments as described above.
The demographic information of human samples is described in Table 1and 2

Statistical analysis

Quantitative data are presented as mean + standard error of the mean (s.e.m.). All data used
to generate graphs was presented in data file S1. Normality of the data was tested with the
Shapiro-Wilk test. Statistical significance was assessed either via unpaired two-tailed
Student’s #test for two-group comparisons or ANOVA test with Tukey’s HSD post hoc
analysis for comparison of more than three groups. Assessments were considered
statistically significant at £< 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Amyloid-like self-oligomerization and cell toxicity by AIMP2
(A) Aggregation of recombinant GST-AIMP2-FLAG (50 uM) in 100 mM sodium acetate

buffer (pH 7.5) during in vitro incubation based on Western blot analysis and Coomassie
brilliant blue staining. Quantification of AIMP2 Western blots and Coomassie bands (7= 3).
(B) Amyloid formation for GST, GST-AIMP2-FLAG or AIMP2-FLAG (50 uM) incubated
in vitro for indicated days determined by ThT fluorescence staining (7= 3).

(C) Ultrastructure of native or aggregated recombinant GST-AIMP2-FLAG (7 d incubation)
monitored by TEM.

(D) CD spectra of AIMP2 monomer and aggregates formed during incubation for the
indicated days (left panel). Secondary structure analysis by Dichroweb (/7=3 experiments,
right panel, statistical comparisons with monomer AIMP2)

(E) Aggregate formation in SH-SY5Y cells transfected with MY C-tagged wild type AIMP2
(WT), and deletion mutants monitored by immunofluorescence (left panel). Quantification
of aggregate puncta number per cell (7= mock 136, WT 115, F1 124, F2 120 cells total
from 6 slides, right panel).

(F) Trypan blue exclusion cell viability assay for SH-SY5Y cells transfected with the
indicated constructs (48 hrs) (7= 6 per group).

Quantified data are expressed as mean + SEM. Statistical significance was determined by
ANOVA test with Tukey post-hoc analysis, **p < 0.01, and ***p < 0.001; NS: not
significant.
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Figure 2. Interaction between AIMP2 and a-synuclein is confor mation specific.

(A) Immunofluorescence images showing co-localization and perinuclear aggregation of a.-
synuclein with AIMP2 in SH-SY5Y cells with the indicated transfections. The MYC signal
is peudo-colored for original green fluorescence.

(B) Quantification of aggregates puncta with AIMP2 or a-synuclein in panel A (n= 6 slides
per group, analyzed cell number is presented in data file S1)

(C) Dot blot analysis showing specific interaction of either a-synuclein monomer with
AIMP2 aggregate or PFF with both monomeric and aggregate AIMP2. Equal loading was
confirmed by Ponceau S staining. Affinity association of monomeric or fibril a-synuclein
with blotted proteins were evaluated by using anti-a.-synuclein antibody. Quantification of
the boxed dot blot intensities (n7= 3, right panel).

(D) Direct physical association of recombinant AIMP2 with PFF determined by a GST pull
down assay. Quantification of Western blots (77 = 3, right panel).

(E) Tryptophan fluorescence measurement of aggregated GST-AIMP2-FLAG (10 uM)
incubated with increasing amounts of recombinant a.-synuclein (/7= 4 per group).

(F) Tryptophan fluorescence measurement of GST-AIMP2-FLAG (10 uM) incubated with
increasing amounts of sonicated recombinant PFF (7= 4 per group).

Quantified data are expressed as mean + SEM. Statistical significance was determined by
ANOVA test with Tukey post-hoc analysis or unpaired two-tailed Student’s #test, ***p <
0.001; NS: not significant.
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Figure 3.
a-synuclein oligomer/fibril formation is enhanced by AIMP2 in vitro

(A) ThT fluorescence assay of in vitro aggregation for recombinant a.-synuclein (50 uM)
and/or GST-AIMP2-FLAG (50 uM) (n7= 4 per group).

(B) Silver-stained gel image of in vitro incubation samples of a-synuclein (50 uM) and/or
GST-AIMP2-FLAG (50 uM).

(C) Representative immunoblots of a-synuclein or AIMP2 for in vitro incubation samples
with various combinations.

(D) Ultrastructure of protein aggregates prepared from a-synuclein incubation (7 d) with
either GST or GST-AIMP2-FLAG monitored by a TEM.

(E) Localization of AIMP2 and a-synuclein in protein aggregate formed by in vitro
coincubation of recombinant AIMP2 and a.-synuclein determined by immuno-Gold EM
using 10 nm (green arrow) or 20 nm (blue arrow) nanoGold particles conjugated to anti-
AIMP2 and anti-a-synuclein antibodies, respectively.

(F) ThT fluorescence assay of in vitro aggregation for recombinant a-synuclein (50 uM)
alone or with small amounts of PFF (2.5 uM) or AIMP2 preformed aggregate (2.5 uM) (n=
3 per group).

Quantified data are expressed as mean + SEM. Statistical significance was determined by
ANOVA test with Tukey post-hoc analysis, **p < 0.01, and ***p < 0.001; NS: not
significant.

Sci Transl Med. Author manuscript; available in PMC 2021 May 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Ham et al. Page 20
A B TAAV-AIMP2 *kk
rAAV-GFP rAAV-a-Syn rAAV-AIMP2 + rAAV-a-Syn Enlarged c FHF
g < 6
| TAAV-GFP . - —— ) O
Stereotaxic = ,rAAV-a-Syn g . < . c‘\g 4]
i - ’ kK
‘ injection  rAAV-AIMP2 = d ~ 7 : s o
JAAV-AIMP2+ AAV-a-Syn 4 week - B £ X 27 NS,
| & 50 pm s % ol g y 2o | ZARE] 5 0-
i 2 0um S g RO IR
Stereology X 5 2 *kk
R IHC/IF 4 7 & 4 X
) Behavior test ol . k! s 3 o rAAV-GFP
2 ; SN s 2J Sk rAAV-a-Syn
C WT or a-Synuclein KO .3 " 50iim; T A SR | £ 4 S W rAAV-AIMP2
B olegs o W AAV-AIMP2
E & STR +rAAV-a-Syn
= > 120
3 : F
S . __100 rAAV-AIMP2 + rAAV-a-Syn (VM)
<& ¢ =3 R pS129-a:Synuclein (5 nm)
$ B’ 80 % o . 7 & AIMP2(10nm) 120
3 = v o B
- © 60 £ 2100
N g e o3
S g 40 T 280
Al 3 fos® e <%
3 5%, 20 S S 60
< s2
NS 0 o 840
NE - g co-aggregate puncta g' §
s "‘>’\ € LA X M only pS129 a-Syn puncta &S 20
3 g TAAV-AIMP2 + rAAV-a-Syn only AIMP2 puncta £ 0
:_(f < pS129 a-Syn
= W AvP2
c8 8 -
o Kk
3
:c é 6 **'ko I J K
@ S 4 rAAV-a-Syn H STR
2z FAAV-AIMP2
o= 12 *kk W FAAV-AIMP2
22 +rAAV-a-Syn = -
250 : g
£ g - g
G 2 fmm 3 =
= ; s 2
2 rAA%élMPz S o
S +PAAV-asSyn &
rﬁVi/iJ,-Sn 3 4 0 ole test
> P rAAV-GFP rAAV-GFP
s 3 = fv'.'s rAAV-a-Syn rAAV-a-Syn
2SR [ FAAV-AIMP2 W AAV-AIMP2
R AAVAIMPZ, rAAV-GFP [l rAAV-AIMP2 W AAV-AIMP2 + rAAV-a-Syn B AAAV-AIMP2 + rAAV-a-Syn
rAAV-a-Syn: W AAV-a-Syn B rAAV-AIMP2 + rAAV-a-Syn

Figure 4. Co-expression and interaction of AIM P2 and a-synuclein in vivo enhanced a-synuclein
aggregation and dopaminergic cell loss.
(A) Schematics of in vivo rAAV nigral injection to 2 month old C57BL/6 or a-synuclein KO

mice. Experimental schedules for Western blot (WB), immunohistochemistry (IHC), TH
stereology, and behavior test are indicated.

(B) Neuropathological assessment (Nissl counter stain) of phosphorylated a-synuclein in
nigral and striatal sections from the indicated experimental mouse groups. Quantification of
pS129-a.-Syn immunohistochemistry (n7= 6 slides from 3 mice per group, right panel).

(C) Immunofluorescence images showing pS129-a-synuclein and TH (pseudo-colored for
original green fluorescence) expression in SN of mouse brains after intranigral injection of
rAAV-a-synuclein, rAAV-AIMP2 or both. Quantification of pS129-a.-Syn
immunofluorescence (7= 23 cells from 3 mice per group, bottom panel).

(D) Confocal analysis of co-localization and aggregation of phosphorylated a-synuclein and
AIMP2 (pseudo-colored for original green fluorescence).

(E) % ratio of aggregates with different composition of AIMP2 or/and phosphorylated a-
synuclein (n7= 66 cells from 3 mice).

(F) Ultrastructure of inclusion and co-labelling of AIMP2 and pS129-a.-synuclein by
nanogold particles for VM tissues from mice co-injected with FAAV-AIMPZ and rAAV-a -
synuclein. 10 nm and 5 nm nanogold particles were used to detect anti-AIMP2 and anti-
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pS129-a-synuclein antibodies, respectively. Composition ratio of AIMP2 and pS129-a.-Syn
in inclusion structures (7= 41 inclusions from 3 mice, right panel).

(G) TH immunohistochemistry of SN sections from the experimental mouse groups.

(H) Stereological counting of dopamine neurons in the SN pars compacta of mouse groups
in panel G (7= 4 mice per group).

(I TH immunohistochemistry of striatum (STR) sections from the experimental mouse
groups.

(J) Quantification of striatal TH fiber density for panel | determined by optical density
measurement (/7= 4 mice per group)

(K) Pole test for mouse groups with nigral injection of the indicated rAAV viruses (n=11
mice per group).

Quantified data are expressed as mean + SEM. Statistical significance was determined by
ANOVA test with Tukey post-hoc analysis, ***p < 0.001; NS: not significant.
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Figure5. AIMP2 isrequired for PFF-induced a.-synuclein aggregation and toxicity in vivo.
(A) Schematics of in vivo PFF and AAV viruses (expressing AIMP2, a-synuclein,

shAIMP2, or shControl) injections to 2 month old C57/BL6 mice. Experimental schedules
for virus or PFF injections and perfusion are indicated

(B) TH immunohistochemistry of SN sections from the indicated mouse groups.

(C) Stereological counting of dopamine neurons in the SN pars compacta of the indicated
experimental mouse groups (/7= 4 mice per group).

(D) Immunofluorescence images showing pS129-a-synuclein and TH expression in the SN
of each experimental group. Note, rAAV-shControl and rAAV-shAIMP2 co-express reporter
fluorescence GFP and RFP, respectively. pS129-a-synuclein signal is pseudo-colored in
white in this image.

(E) Quantification of relative pS129-a.-synuclein signal intensities in the VM from the
indicated experimental groups (/7= 20~29 cells from 4 mice per group).

(F) Quantification of relative pS129-a-synuclein signal intensities in TH-positive
dopaminergic neurons of the VM from the indicated experimental groups (n= 60 dopamine
cells from 4 mice per group).

(G) Representative exploration paths of mice from each group in the open field test.

(H) Assessment of anxiety in each experimental mouse group determined by % of
exploration distance in the center zone (7= 4 per group).

(I Assessment of bradykinesia in each experimental mouse group monitored by measuring
the time taken to descend the vertical pole in pole test (n = 4 mice per group).

(J) Motor coordination of each experimental mouse group determined by latency to fall in
accelerating rotarod test (n = 4 mice per group).
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Quantified data are expressed as mean + SEM. Statistical significance was determined by
ANOVA test with Tukey post-hoc analysis, *p < 0.05, **p < 0.01, and ***p < 0.001; NS:
not significant.
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Figure 6. AIMP2 isrequired for 6-OHDA-induced a-synuclein aggregation and toxicity in vivo.
(A) Schematics of in vivo 6-OHDA striatal injection to 2 month old heterozygous Aimp2

KO mice (Aimp2 Hel) or wild type littermate control (7). Experimental schedules for
western blot (WB), IHC, and TH stereology are indicated.

(B) Western blots of AIMP2, a-synuclein, and filament conformation a-synuclein
expression in Triton X-100 soluble and insoluble fractions of the VM from the indicated
experimental mouse groups.

(C) Quantification of relative amounts of AIMP2, a-synuclein, and filament conformation
a-synuclein expression in insoluble fractions normalized to those in soluble fractions from
sample groups in panel B (7= 3 mice per group).

(D) Neuropathological assessment of phosphorylated a-synuclein-positive inclusions in
mouse brains of each experimental group monitored by immunohistochemistry using pS129
a-synuclein antibody and Nissl counter staining. Quantification of pS129-a.-Syn
immunohistochemistry (7= 6 slides from 3 mice per group, right panel).

(E) Representative immunofluorescence images showing pS129-a-synuclein and TH
(pseudo-colored for original green fluorescence) expression in the SN of each experimental
mouse group. Quantification of pS129-a-Syn immunofluorescence in TH-positive cells (7=
20 cells from 3 mice per group, bottom panel).

(F) TH immunohistochemistry images of SN sections from the indicated experimental
mouse groups.
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(G) Stereological counting of dopamine neurons in the SN pars compacta of each
experimental mouse group (/7= 5~6 mice per group).

Quantified data are expressed as mean + SEM. Statistical significance was determined by
ANOVA test with Tukey post-hoc analysis, *p < 0.05, and ***p < 0.001.
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Figure 7. Insoluble co-aggregation of a-synuclein with AIM P2 in human PD brains
(A) Distribution of AIMP2 and phosphorylated a-synuclein (pS129-a.-syn) in NP-40

soluble and insoluble fractions prepared from postmortem human brains of patients with PD
and age matched controls based on Western blot analysis.

(B) Relative distribution of AIMP2 and phosphorylated a-synuclein (pS129-a.-syn) into
each fractions normalized to B-actin (/7= 5 per group).

(C) Co-aggregation of AIMP2 (pseudo-colored for original green fluorescence) into LB
inclusions in temporal lobe from postmortem PD brains monitored by immunofluorescence.
Quantification of AIMP2 and pS129-a-Syn immunofluorescence (7= 12 slides from 4 Con
and 12 slides from 4 PD, right panel).

(D) Confocal microscopic and Z-stack images showing colocalization of AIMP2 (pseudo-
colored for original green fluorescence) in the pS129 a.-synuclein-positive LB in PD human
brain samples. % puncta ratio composed of AIMP2 or/and phosphorylated a.-synuclein (7=
21 cells from 4 PD, right panel)

(E) Ultrastructure of inclusion and colabeling of AIMP2 and pS129-a-synuclein by
nanogold particles for postmortem human PD brain tissues determined by an immunoGold
EM. 10 nm and 5 nm nanogold particles were used to detect anti-AIMP2 and anti-pS129-a-
synuclein antibodies, respectively. Composition ratio of AIMP2 and pS129-a-Syn in
inclusion structures (7= 26 inclusions from 4 PD, right panel).
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Quantified data are expressed as mean + SEM. Statistical significance was determined by
ANOVA test with Tukey post-hoc analysis or unpaired two-tailed Student’s £test, *p < 0.05,
**p<0.01, and ***p < 0.001.
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